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ABSTRACT 

An a r t i f i c i a l  g r a v i t y  experiment on Skylab B would 
r e q u i r e  t h a t  t h e  s p i n  a x i s  p o i n t  t o  t h e  sun. T h i s  memorandum . 
concerns t he  use of magnetic t o rque  f o r  ho ld ing  t h e  s p i n  a x i s  . 
a l i g n e d  with t h e  sun i n  t h e  presence of g r a v i t y  g r a d i e n t  b i a s  
t o rque  and motion of t h e  e a r t h  about  t h e  sun. t 

A p o i n t i n g  c o n t r o l  l a w  i s  formulated which uses  sun 
senso r  ou tpu t s  t o  determine t h e  magnetic moment t o  be developed 
by a main co i l  whose magnetic a x i s  is  co inc iden t  wi th  t h e  s p i n  
a x i s .  The magnetic moment p r o f i l e  over  t h e  o r b i t  approximates 
t h e  p r o f i l e  r e q u i r i n g  m i n i m u m  electric energy f r o m  the.power 
source.  

S m a l l  v e r n i e r  c o i l s  a long the  o t h e r  t w o  vehicle axes 
can be used t o  correct f o r  misalignment between t h e  main co i l  
and t h e  s p i n  a x i s  and t o  provide for  b i a s  momentum dumping 
when f l y i n g  i n  t h e  s o l a r  i n e r t i a l  a t t i t u d e .  

The magnetic c o n t r o l  system r e q u i r e s  t h e  a d d i t i o n  of 
a m p l i f i e r s  t o  c o n t r o l  t h e  c u r r e n t  t o  t h e  main and v e r n i e r  coils,  
a magnetometer t o  measure t h e  e a r t h ' s  magnetic f i e l d ,  and some 
computer c a p a b i l i t y .  W i t h  an e s t ima ted  1700 w a t t s  a v a i l a b l e  
d u r i n g  t h e  mzst demanding o r b i t  of a s e l e c t e d  30 day experiment 
pe r iod ,  t h e  magnetic system can be designed t o  weigh about  i450 
l b .  

SEE REVERSE SIDE FOR DISTRIBUTION LIST 
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SUBJECT: U s e  of Magnetic Torque f o r  Poin t ing  OATE: September 1 0 ,  1 9 7 0  

Control  of a Spinning Skylab - 
Case 6 2 0  FROM: W. Levidow 

TM- 7 0 - 1 0 2 2 - 17 

TECHNICAL MEMORANDUM 

In t roduc t ion  

It has been proposed t h a t  t h e  Skylab B inc lude  an 
a r t i f i c i a l  g r a v i t y  experiment implemented by spinning t h e  space- 
c r a f t  about i t s  Z a x i s . *  This a x i s  should be he ld  a l igned  t o  
t h e  ear th-sun l i n e  i n  o rde r  t o  ene rg ize  t h e  s o l a r  cel ls  dur ing  
o r b i t a l  day. 

Without s u i t a b l e  con t ro l ,  both t h e  g r a v i t y  g r a d i e n t  p 
b i a s  torque  and t h e  apparent  motion of t h e  sun ( s o l a r  precess ion)  
combine t o  cause an error i n  t h e  s p i n  axis-sun alignment. T h i s '  
memorandum develops a poin t ing  a t t i t u d e  c o n t r o l  system us ing  + 
magnetic to rque  and p resen t s  t h e  magnetic system weight and power 
requirements f o r  a spinning Skylab B. 

Momentum Change Requirement 

The magnetic c o n t r o l  r equ i r ed  t o  prevent  a po in t ing  
error over  one o r b i t  can be  expressed i n  t e r m s  of t h e  momentum 
change t h a t  must be imparted t o  t h e  v e h i c l e  t o  counterac t  t h e  
e f f e c t  of both t h e  g r a v i t y  g rad ien t  to rque  and s o l a r  precession.  

To cancel  t h e  e f f e c t  of g r a v i t y  g r a d i e n t  to rque ,  t h e  
magnetic to rque  must provide,  over  one o r b i t ,  a momentum change 
of AH a s  shown i n  Figure 1. AH i s  t h e  nega t ive  of t h e  b i a s  

angular  momentum t h a t  would be imparted t o  t h e  v e h i c l e  i n  one 
o r b i t  by g r a v i t y  g rad ien t  torque. I t  l i e s  i n  t h e  o r b i t a l  p lane  
along a l i n e  perpendicular  t o  t h e  s p i n  ax i s .  I ts  magnitude and 
direction depend upon t h e  maqnitude and s ign ,  r e s p e c t i v e l y ,  of 
B ,  t h e  angle  from t h e  o r b i t a l  p lane  t o  t h e  ear th-sun l i n e .  

-gg 3 g  

To compensate f o r  s o l a r  precess ion ,  t h e  sp in  a x i s  must 
be s h i f t e d  a small  angle  each o rb i t .  The corresponding change 
i n  v e h i c l e  momentum AH i s  p ropor t iona l  t o  t h i s  angle  and t o  
t h e  v e h i c l e  s p i n  angular  momentum. AH l i es  i n  t h e  e c l i p t i c  
p lane  and i s  perpendicular  t o  t h e  ear th-sun l i n e .  I t  i s  i n  t h e  
d i r e c t i o n  of t h e  apparent motion of t h e  sun along t h e  e c l i p t i c  
and i s  p r a c t i c a l l y  cons t an t  i n  magnitude from o r b i t  t o  o r b i t .  

-SP 
-SP 

*More p r e c i s e l y ,  t h e  Z p r i n c i p a l  a x i s .  

I 
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The momentum p e r  o r b i t  H which t h e  magnetic c o n t r o l  -r 
system must impart  t o  t h e  veh ic l e  i s  then  given by 

H = AH + AH -r -9 -SP 

I t s  d i r e c t i o n  is  perpendicular  t o  t h e  s p i n  a x i s  and i t s  magnitude, 
for  a given B ,  depends upon t h e  angle  4 between AH 

The minimum value  of 0 f o r  each B can be c a l c u l a t e d ,  y i e l d i n g  a 
curve,  Fig.  2* ,  r ep resen t ing  t h e  upper bound of I H  I f o r  Skylab B 

sp inning  a t  6 rpm i n  a 235 nm, 50°  i n c l i n a t i o n  o r b i t .  

and A l l s p .  -w 

-r 

Since B v a r i e s  slowly with t i m e  dur ing  t h e  mission, a 
3 0  day per iod  was s e l e c t e d  such t h a t  t h e  range of B encountered 
minimizes t h e  requi red  I H  I .  F o r  t h e  per iod  s e l e c t e d ,  6 v a r i e s  
from 18’ t o  - 3 4 O ,  r equ i r ing  a magnetic c o n t r o l  system which can 
develop 9 2 0 0  f t - l b - sec  p e r  o r b i t  a t  t h e s e  extremes. For o r b i t s  
w i th  in te rmedia te  va lues  of B ,  

-r 

IFr/ i s  smaller.  

Optimal Magnetic Control  L a w  

A magnetic moment M e s t a b l i s h e d  along t h e  v e h i c l e  sp in  - 
zxls .*;ill react v i t h  t h e  earth’s magnetic f i e l d  B t o  develop a 
torque  T - given by 

- 

The torque  w i l l  l i e  i n  a plane perpendicular  t o  t h e  s p i n  a x i s ,  
b u t  i t s  d i r e c t i o n  wi th in  t h e  p lane  w i l l  vary during t h e  o r b i t a l  
pe r iod  due t o  t h e  v a r i a t i o n  of B wi th  o r b i t a l  p o s i t i o n .  This  
sugges t s  t h a t  wi th  t h e  proper c o n t r o l  of  t h e  t i m e  v a r i a t i o n  of 

/ M i ,  - t h e  magnetic to rque  developed m e r  the orbit cail --- pA”du,, l*-n t h e  

requi red  momentum change gr, which i s  a l s o  perpendicular  t o  t h e  
s p i n  a x i s .  That i s ,  it is des i red  t o  f i n d  M ( = l M l )  such t h a t  over 
t h e  o r b i t  

- 

*A modif ica t ion  of Fig.  3 ,  Ref. 1. 
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where M i s  t h e  magnitude of t h e  magnetic moment, 

m i s  a u n i t  vec to r  i n  t h e  d i r e c t i o n  of the  s p i n  a x i s ,  

- B i s  t h e  e a r t h ' s  magnetic f i e l d  s t r e n g t h ,  

H -r 

- 

i s  t h e  requi red  momentum change t o  be developed by t h e  
magnetic torque.  It  l i e s  i n  t h e  p lane  perpendicular  
t o  m, 

T = o r b i t a l  per iod.  

For a given magnet c o i l  resistance,  t h e  e lec t r ic  power 
2 requi red  t o  energ ize  t h e  magnet i s  p ropor t iona l  t o  M . A 

reasonable  o b j e c t i v e  which y i e l d s  a unique s o l u t i o n  f o r  M i s  
r T  ,. 

one which minimizes M'dt, r e s u l t i n g  i n  m i n i m u m  e lectr ic  energy 

p e r  o r b i t .  

The s o l u t i o n  (See Appendix) i s  

The vec to r  wi th in  t h e  b racke t s  i s  a cons tan t  f o r  t h e  

o r b i t ;  i t s  eva lua t ion  r equ i r e s  knowledge of B and H f o r  each 

o r b i t  before it i s  flown. M v a r i e s  over  t h e  o r b i t  due t o  va r i a -  
t i o n s  i n  t h e  factor  ( E  x m)'. Because B and H are not  p r e c i s e l y  
known i n  advance, t h i s  optimal c o n t r o l  law is  d i f f i c u l t  t o  imple- 
ment. However, it does suggest  $he more p r a c t i c a l  c o n t r o l  law 
given below. 

-r - 

-r - - 

Magnetic Moment Poin t ing  Control Law 

L e t  M be def ined  over t h e  nth o r b i t  by 
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L e t  K S  be set f o r  t h e  f i r s t  o r b i t  equa l  t o  t h e  v e c t o r  determined 

by eva lua t ing ,  f o r  t h a t  orbi t ,  t h e  bracke ted  express ion  i n  Eq. 

( 3 ) .  Then e x a c t l y  €Ir is  developed du r ing  t h e  f i r s t  o r b i t .  
H be incremented a t  t h e  s t a r t  of each succeeding o r b i t  by -n 

L e t  

T 

AIsl-l 
n-1 

t h a t  i s ,  t h e  d i f f e r e n c e  between t h e  r equ i r ed  and developed 
momentum of t h e  prev ious  o r b i t .  Then, 

A computer s imula t ion  demonstrates  t h a t  i f  t h i s  
p rocess  i s  continued f o r  s e v e r a l  o r b i t s ,  then  on t h e  average 

AH = 0 - -E 

M x B d t  i s  more than jgT- - For some o r b i t s  t h e  developed momentum 

t h e  r equ i r ed  momentum Err and other o r b i t s  less, b u t  on t h e  

average they  equa l i ze .  
p rovide  t h e  proper M t o  keep En w i t h i n  a s m a l l  bounded region.  

I t  w a s  found t h a t  a w i d e  range of s c a l e  f a c t o r  K i s  
t o l e r a b l e  provided t h a t  K H _  is proper ly  i n i t i a l i z e d  fo r  t h e  first 

o r b i t .  However, t h e  computer s imula t ion  demonstrated t h a t  even 
if w e r e  i n i t i a l i z e d  t o  t h e  n u l l  v e c t o r ,  a va lue  of K ranging 
f r o m  1 . 0  x 1 0  

l i n e s / i n .  , and M - i n  amp-turn-in. ) produced a f t e r  a f e w  o r b i t s ,  
t h e  s a m e  M - a s  when $ had been proper ly  i n i t i a l i z e d .  

O r b i t  by o r b i t ,  % a d j u s t s  i t se l f  t o  

4 t o  1 .5  x lo4 ( w i t h  % given i n  ft-lb-sect - B i n  
2 2 
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Observe t h a t  w i t h  go = - 0, 

n- 1 

H -n = x H  -r , i M x B d t  
n- 1 

H -n = x H  -r , i M x B d t  (5) 
i=l J O  

That i s ,  H i s  t h e  d i f f e r e n c e ,  from i n i t i a t i o n  of t h e  c o n t r o l  
law t o  t h e  beginning of t h e .  nth o r b i t ,  between t h e  sum of t h e  
r equ i r ed  momentum and t h e  developed momentum. I t  i s ,  i n  e f f e c t ,  

t h e  e r r o r  i n  momentum, H appl ied  t o  t h e  vehicle,  a f a c t  
t h a t  w i l l  now be used f o r  determining H wi thout  t h e  need of 

eva lua t ing  Eq.  ( 5 ) .  

-n 

-error' 
-n 

Fig.  3 shows t h e  v e h i c l e  axes and t h e  sp in  angular  

momentum vec to r  H co inc ident  with t h e  s p i n  a x i s .  I f  t h e  s p i n  
a x i s  i n i t i a l l y  p o i n t s  t o  the  sun and a measurement a t  t h e  s t a r t  
of t h e  nth o r b i t  shows po in t ing  angle e r r o r s  of  I) and 0 about 
t h e  Y and X axes ,  then f o r  small e r r o r  angles  

-S 

Srror  = -n H = Hs (I), (6) 

where Hs i s  t h e  magnitude of t h e  sp in  angular  momentum H . 
S u b s t i t u t i n g  ( 6 )  i n t o  ( 4 )  y i e l d s  t h e  magnetic moment po in t ing  
c o n t r o l  l a w  

-S 

= - ( E  x m ) ' K H  
S Mn - ( 7 )  

Applicat ion of t h e  above c o n t r o l  law r e s u l t s  i n  n e a r l y  cons t an t  
errors i n  JI and e from o r b i t  t o  o r b i t .  These errors can be 
decreased by r ede f in ing  En as 

-n H = H  -n-1 +- 'lHS(I), K1<l.O 

With t h i s  modi f ica t ion ,  t h e  presence of an angle  e r r o r  s e rves  t o  
a l t e r  H and M on t h e  fol lowing o r b i t ,  t hus  tending t o  diminish 
t h e  e r r o r .  

-n 
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Contro l  Law Simulat ion 

-6- 

by 

Ifi 
of 

3 ,  

To o b t a i n  an e s t i m a t e  of t h e  magnetic moments r equ i r ed  

t h e  p o i n t i n g  c o n t r o l  law, Eq. ( 4 )  was s imulated by incrementing 
by t h e  d i f f e r e n c e  between t h e  r equ i r ed  and developed momentum 
t h e  previous  o r b i t .  T h a t  is, 

With H = (9200,  0 ,  0 )  ft-1b.-sec, ob ta ined  from Fig.  -r 
t h e  largest rms value  of magnetic moment r e q u i r e d  over one 

o r b i t  dur ing  one e a r t h  day was 2.82 x l o 8  amp-turn-in2. This  
magnetic moment i s  t o  be developed by a c o i l  ( c a l l e d  t h e  main 
c o i l )  wrapped around t h e  per imeter  of t h e  Workshop w i t h  i t s  
magnetic a x i s  a long t h e  s p i n  axis. 

I f  magnetic to rque  i s  used f o r  p o i n t i n g  c o n t r o l  of t h e  
sp inning  Skylab, t hen  it would be prudent  t o  a l s o  use  magnetic 
t o rque  f o r  dumping b i a s  momentum when t h e  Skylab i s  f l y i n g  s o l a r  
i n e r t i a l .  

Simulat ion of t h e  M = K ( g s  x - B ) *  c o n t r o l  l a w  f o r  t h i s  

mode y i e l d s  a r m s  magnetic moment requirement of 8 . 2  x 1 0  amp- 
tu rn - in .2 ,  b u t  n o t  n e c e s s a r i l y  along t h e  s p i n  a x i s .  
a long the  o t h e r  two axes can be  provided by v e r n i e r  c o i l s  whose 
magnetic moments are d i r e c t e d  along those  axes. 

mode t o  correct misalignment between t h e  main c o i l  magnetic a x i s  
and t h e  s p i n  a x i s .  
misalignment produces a component of magnetic to rque  which al ters 
t h e  s p i n  angular  v e l o c i t y .  With the magnetic moment values gipzn 
above, t h e  v e r n i e r  co i l s  c a n  correct up t o  1 - 1 / 2 O  of main c o i l  
misalignment. 

6 
- 

The components 

These v e r n i e r  coi ls  can a l s o  be used d u r i n g  t h e  spinning 

T h i s  c o r r e c t i o n  i s  d e s i r a b l e  because any 

Maanetic Desian 

The magnetic c o n t r o l  system t o  execute  t h e  magnetic 
moment p o i n t i n g  c o n t r o l  l a w  r e q u i r e s  a main c o i l ,  t w o  v e r n i e r  
c o i l s ,  a c o n t r o l  a m p l i f i e r  t o  c o n t r o l  t h e  c u r r e n t s  t o  t h e  c o i l s ,  

*Magnetic c o n t r o l  law f o r  dumping b i a s  momentum, R e f .  2 .  
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a magnetometer t o  measure t h e  e a r t h ' s  magnetic f i e l d ,  t h e  sun 
senso r  ou tpu t  t o  determine poin t ing  e r r o r s  and some computer 
capab i 1 i t y  . 

The c o i l  design o f f e r s  a t rade-of f  between co i l  weight 
and c o i l  power, and depends upon t h e  choice  of conductor c r o s s  
s e c t i o n a l  area. The following r e l a t i o n s h i p s  apply.  

C o i l  conductor weight = a R N a  l b s  

M2 Rp Coi l  average power = .y w a t t s  
A N a  

where 
u = conductor s p e c i f i c  weight,  l b s / i n .  3 

R = l eng th  pe r  c o i l  t u r n ,  i n .  

N = number of t u r n s  

a = conductor c r o s s  s e c t i o n a l  a r e a ,  i n .  

M = rms magnetic moment, amp-turn-in. 

A = area enclosed by co i l ,  i n .  

p = conductor r e s i s t i v i t y ,  ohms/in. 

2 

2 

2 

2 

The co i l  power i s  t h e  average power over t h e  o r b i t  
f o r  which M is determined. 

The main co i l  is wrapped around t h e  per imeter  of t h e  
Workshop and has a r ec t angu la r  shape w i t h  s i d e s  700 i n .  and 2 4 0  
i n .  i n  length .  The v e r n i e r  c o i l s  are 20  f t  d iameter  c o i l s  and 
can be loca ted  i n  t h e  a f t  end of t h e  Workshop. 
made of aluminum conductor. 

A l l  coi ls  are 

T o  minimize the c o i l  weights ,  t hey  are designed here 
t o  u t i l i z e  a l l  t he  a v a i l a b l e  power. A t  B = 1 8 O ,  1 7 0 0  w a t t s  a r e  
a v a i l a b l e "  for  magnetic c o n t r o l ,  some of which i s  d i v e r t e d  from 
experiments n o t  conducted during t h e  sp inning  mode. The r e s u l t -  
i n g  weights and average power dur ing  t h e  worst  o rb i t  are shown * 
i n  Table 1. The c o i l  weights inc lude  t h e  co i l  i n s u l a t i o n .  

* I n t e r p o l a t e d  f r o m  da t a  supp l i ed  by B. W. Moss. 
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Table 1 

Main Co i l  

Coi l  

- 8- 

Weight Av. Power 
( l b )  (wat t s )  

1185 1525 
Control  Amplif ier  183 80 

V e r n i e r  Co i l s  

Both Coi l s  65 90  
Control  Amplif ier  21 

1454 
5 

1700 

I f  RCS f u e l  had been used i n s t e a d  of magnetic to rque  
t o  provide po in t ing  c o n t r o l  during t h e  same 30 day pe r iod ,  364 
pounds of f u e l  would have been consumed. Hence t h e  a d d i t i o n a l  
w e i g h t  of t h e  magnetic con t ro l  s y s t e m  i s  i n  e f f e c t  1090  pounds. 
However, t h e  magnetic c o n t r o l  system can a l s o  provide f o r  b i a s  
momentum dumping during t h e  s o l a r  i n e r t i a l  mode w i t h  a maximum 
average power over  an o r b i t  of 95 wa t t s .  

Summary 

S o l a r  p o i n t i n g  c o n t r o l  of a sp inning  Skylab B can be 
accomplished by a magnetic to rquing  co i l  whose magnetic a x i s  is  
co inc iden t  w i t h  t h e  v e h i c l e  s p i n  a x i s .  

A c o n t r o l  law i s  suggested f o r  determining t h e  r equ i r ed  
magnitude of t h e  magnetic moment. I t  i s  based on measurements, 
once p e r  o r b i t ,  of s o l a r  po in t ing  e r r o r s ,  and y i e l d s  t h e  magnetic 
moment p r o f i l e  r e q u i r i n g  near minimum e lec t r ic  energy from t h e  
Power source.  

A 30 day experiment per iod  has  been selected such t h a t  
t h e  range of encountered minimizes t h e  c o n t r o l  requirements.  
A eoiqiiter similstior?, usir?.; t h e  kn~?~4lr! mnmentum change pe r  o r b i t  
t o  be imparted t o  t h e  s p i n  ax i s ,  y i e l d s  t h e  magnetic moment which 
t h e  c o i l  must be prepared t o  supply. 

In  a d d i t i o n  t o  t h e  main c o i l  f o r  po in t ing  c o n t r o l  
du r ing  t h e  sp inning  mode, small  v e r n i e r  c o i l s  can be provided t o  
c o r r e c t  misalignment between t h e  main co i l  and t h e  s p i n  a x i s ,  and 
also t o  provide f o r  bias  momentum dumping dur ing  t h e  s o l a r  i n e r t i a l  
mode. 
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W i t h  an es t imated  1 7 0 0  w a t t s  a v a i l a b l e  f o r  magnetic 
c o n t r o l ,  t h e  magnetic system c o n s i s t i n g  of main and v e r n i e r  
c o i l s  and t h e i r  a s s o c i a t e d  c o n t r o l  a m p l i f i e r s  i s  es t imated  t o  
weigh 1454 lb .  
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APPENDIX 

Minimum Energy Magnetic Moment 

Problem: Minimize 1 / 2  JtM2 d t  

s u b j e c t  t o  t h e  c o n s t r a i n t  

(A-1) 

where m . H = O  - - - 

Solut ion:  

'L 
where B i s  the matr ix  equ iva len t  t o  t h e  v e c t o r  cross - 

product opera t ion  B x .  - 
.- X i s  a vec tor  of Lagrange m u l t i p l i e r s .  

D i f f e r e n t i a t i n g  the  in tegrand  i n  G w i t h  r e s p e c t  t o  
M and equat ing  t h e  r e s u l t i n g  express ion  t o  ze ro  y i e l d s  

S u b s t i t u t i n g  i n t o  (A-1) 

S u b s t i t u t i n g  i n t o  (A-2) 
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The s o l u t i o n  (A-3 )  r e q u i r e s  t h a t  t h e  mat r ix  w i t h i n  
2, 

t h e  b r a c k e t s  be non-singular .  L e t  B rn = S,  a v e c t o r  i n  t h e  two- 
space de f ined  by t h e  plane perpendicular  t o  m. 

- -  - 
- 

The ma t r ix  

i s  p o s i t i v e  i f  

r t  

i s  p o s i t i v e  d e f i n i t e ,  where U i s  an a r b i t r a r y  t i m e  i n v a r i a n t  
vec to r  i n  t h e  same two-space as S 

- 
- 

Jt lLJ12 cos 2 e d t  

where e i s  t h e  angle  between U and S. - - 
Since u is f i x e d  but  S v a r i e s  i n  d i r ec t ion  w i t h  t i m e ,  - - 

cos e cannot  be zero  over t h e  e n t i r e  t i m e  i n t e r v a l  [ 0 ,  t l .  Hence 

% f t g  m (B m ) ' d t  i s  p o s i t i v e  d e f i n i t e  and t h e r e f o r e  - -  - -  t h e  ma t r ix  
JO 

non-singular .  



mgg = GRAVITY GRADIENT TORQUE MOMENTUM CORRECTION 

m s p  = SOLAR PRECESSION MOMENTUM CORRECTION 

FIGURE 1 2 PER ORBIT MOMENTUM CHANGE COMPONENTS 





FIGURE 3 -SOLAR POINTING ANGLE ERRORS 


